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We study the onsequenes of the gravitino deay into dark matter. We suppose that the lightest
neutralino is the main omponent of dark matter. In our framework gravitino is heavy enough to
deay before Big Bang Nuleosynthesis starts. We onsider a model oming from a ve dimensional
supergravity ompatied on S1/Z2 with gravity in the bulk and matter loalized on tensionless
branes at the orbifold xed points. We require that the dark matter, whih is produed thermally and
in the deay of Kaluza-Klein modes of gravitino, has an abundane ompatible with observation. We
dedue from our model that there are urves of onstraints between the size of the extra-dimension
and the reheating temperature of the universe after ination.
I. INTRODUCTION
The ve dimensional piture of the Universe has attrated muh interest in the framework of what is alled brane
world osmology. Several models have been proposed. It has been shown [1℄ that a stabilization of the radion eld
provides the lassial Friedman equation. Many papers (see for instane: [2℄) have onsidered a supersymmetri version
of brane world whih embed brane world in the framework of superstrings theories. In the present work we hoose
to work in a set-up where we assume that the radion is stabilized in a ve dimensional supergravity ompatied on
S1/Z2 where matter and gauge elds live on the branes and gravity in the bulk ([3℄, [4℄). Low energy supersymmetry
provides a natural andidate for dark matter if R-Parity [5℄ is onserved and solves the hierarhy problem. We have
to point out that in the present model the extra-dimension does not play a role to solve the hierarhy problem like
in ADD model ([6℄, [7℄) or Randall Sundrum [8℄. It is supersymmetry whih plays this role. So the size of this
extra dimension is not onstrained like in [9℄ and atually we are dealing with smaller extra-dimension than in those
senarios.
As a general framework we an hoose a senario in whih susy breaking is mediated to the observable setor partly
by gravity anomaly and partly by Sherk-Shwarz mehanism [10℄. It is a senario whih an avoid the appearane of
tahioni masses whih are present in pure anomaly mediated senario and problems due to pure gravity mediation
senario. This mehanism provides high masses for gravitino (it means that the mass of the gravitino an be above
10 TeV).
The gravitino eld has Kaluza-Klein exitations modes due to the presene of the extra-dimension. We suppose that
all gravitino modes are produed after ination during the reheating period by sattering eets in the primordial
thermal bath. We suppose that the lightest mode - i.e. the zero mode - is heavy enough to mainly deay before the
Big Bang Nuleosynthesis starts and we alulate its orresponding mass. Atually this is naturally the ase in some
senarios of susy breaking (anomaly mediation or mix between anomaly and Sherk-Shwarz mehanism). Gravitinos
modes deay into supersymmetri partiles and standard model ones. If R-parity is onserved, all gravitino modes
will give at the end of their deay asade a Lightest Supersymmetri Partile (LSP) whih is assumed to be the
lightest neutralino. But not all of these deay produts of gravitino will ontribute to the reli density of neutralinos
whih is assumed to be the dark matter. Atually only the gravitino modes whih deay after the thermal deoupling
of neutralino ontribute to the dark matter density. If a gravitino mode deays before the thermal deoupling of
neutralinos it does not inrease the number density of neutralinos sine these gravitinos produe neutralinos whih
are in thermal equilibrium. So a nite number of gravitinos modes ontribute to the non thermally produed dark
matter. The total of the thermally produed and non thermally produed amount of dark matter is onstrained by the
evaluation of the dark matter ontent of the universe. As a onsequene, we an draw urves of onstraints between
the size of the extra-dimension and the reheating temperature beause the number of KK gravitinos modes is related
to the size of the extra-dimension and the number density of gravitinos is related to the reheating temperature. We
have hosen a reheating temperature in the range 105 GeV to 1010 GeV. This range is quite natural for senarios
whih allow baryogenesis through leptogenesis. There is another onstraint on the size of the extra-dimension oming
from the fat that there are also KK gravitons whih an disturb BBN if the number of KK modes is too high.
In the present work we rst present the interations between KK gravitino and MSSM, and disuss abundane and
lifetime of gravitino. After this, we estimate the thermal prodution of neutralinos funtion of xf =
mlsp
Tf
where Tf
is the neutralinos freezing temperature and mlsp the neutralino mass. We then present the model, the equations of
onstraints and hek that KK gravitons are not a problem for BBN for R−1 > 1 TeV. Finally we show and omment
the results.
2II. INTERACTIONS BETWEEN GRAVITINO AND MSSM
The four dimensional (redued) Plank mass M is related to the ve dimensional one M5 by the relation M
2 =
pi RM35 where R =
r
M5
is the physial radius, r is an undetermined real onstant and M5 = κ
−1
.
As matter and gauge elds live on the brane, those elds do not have a dependene on the fth oordinate x5. The
two gravitino elds (odd and even under Z2) have the following Fourier expansion:
for the even elds under Z2:
ψevenµ (x
λ, x5) =
1√
pir
[
ψeven0,µ (x
λ) +
√
2
∞∑
n=1
ψevenn,µ (x
λ) cos(nM5x
5)
]
, (1)
and the odd elds:
ψoddµ (x
λ, x5) =
√
2√
pir
∞∑
n=1
ψoddn,µ (x
λ) sin(nM5x
5) , (2)
We an dene:
ψµ(x
λ, x5) = ψevenµ (x
λ, x5) + ψoddµ (x
λ, x5) (3)
ψevenn,µ (x
λ) and ψoddn,µ (x
λ) are the Kaluza-Klein modes.
Here are the relevant terms of interations between matter, gauge elds and gravitino in the four dimensional
supergravity lagrangian:
L4dinter = −
1√
2M
egij∗D˜νφ∗jχiσµσ¯νψµ − 1√
2M
egij∗D˜νφiχj σ¯µσνψµ
− i
2M
e
(
ψµσ
νρσµλ(a) + ψµσ¯
νρσ¯µλ(a)
)
F (a)νρ , (4)
Where φ are salar elds, χ are hiral fermions, λ are gauge fermions (gauginos) , F
(a)
µν is the eld strength tensor
for the gauge boson A
(a)
µ . Indies i, j..represent speies of hiral multiplets and (a), (b).... are indies for adjoint
representation of gauge group. e is the vierbein. gij∗ is the Kahler metri.
This lagrangian (4) desribes the interation of the 0 mode with matter and gauge elds.
We obtain the four dimensional lagrangian by integrating over the fth dimension the ve dimensional one. As the
gauge elds and matter elds of the observable setor live on one brane (for instane the one loated at x5 = 0), the
part of the ation whih ontains interation of the gravitino eld with the matter and gauge elds is :
S = κ
∫
d4x
∫ πκ
−πκ
dx5 δ(x5)(− 1√
2
egij∗D˜νφ∗jχiσµσ¯νψµ(xλ , x5)− 1√
2
egij∗D˜νφiχj σ¯µσνψµ(xλ , x5)
− i
2
e
(
ψµ(x
λ , x5)σνρσµλ(a) + ψµ(x
λ , x5)σ¯νρσ¯µλ(a)
)
F (a)νρ ) (5)
Using the denition (3) and inserting the Fourier expansion of gravitino (1) and (2) into the above ation, we
nd the interations of eah KK mode with matter and gauge elds after integrating on the fth dimension. After
redening KK modes of gravitino ([3℄, [4℄):
ψn,µ =
ψevenn,µ + ψ
odd
n,µ√
2
, for n > 0 (6)
and
ψ0,µ = ψ
even
0,µ (7)
we nd:
3L4dinterKK =
∞∑
n=0
(− 1√
2M
egij∗D˜νφ∗jχiσµσ¯νψn,µ − 1√
2M
egij∗D˜νφiχj σ¯µσνψn,µ
− i
2M
e
(
ψn,µσ
νλσµλ(a) + ψn,µσ¯
νλσ¯µλ(a)
)
F
(a)
νλ ) (8)
So we get an innite sum of the Lagrangian (4). Eah Kaluza-Klein mode has the same interation with matter
and gauge elds. This is not a surprise in the sense that graviton and gravitino are in the same supermultiplet and
eah KK gravitons has the same interation with matter and gauge elds [11℄.
Gravitino Kaluza-Klein modes dier only by their masses. They get a mass through the super-higgs mehanism.
Other redenitions of the gravitinos elds have to be performed to obtain the gravitino mass matrix. Those rede-
nitions do not play a role in the interation part. After diagonalization of the mass matrix there are no interations
between the dierent KK modes.
The masses of the modes n are related to the mass of the zero mode by the relation ([3℄,[4℄):
Mn =M0 +
n
R
(9)
III. ABUNDANCES
In the present work we suppose[27℄ that gravitinos are produed during the reheating period after ination by
sattering proesses[28℄. All the MSSM partiles are in thermal equilibrium exept the gravitino whih deouples as
soon as it is produed beause of its extremely weak interation (gravitational one). Ten reations are onsidered to
alulate the gravitino prodution. Infrared divergenes appear in the alulation due to the exhange of massless
gauge bosons in the t-hannel. This problem is avoided by the method developed in [16℄. Another group ([17℄,[18℄)
has reently done the alulation again with a slightly dierene in the result. Abundane is given in [19℄ taking into
aount prodution during the inaton-dominated epoh and [18℄ has the same result without taking into aount
prodution during ination. This result is given for masses of gravitino muh higher than gauginos masses but the
alulation of the reation term in the Boltzmann equation is made with partiles without masses: their mass is
supposed negligible ompared to the average energy in the enter of mass of eah reation. The formula is :
Y3/2 ≃ 1.9× 10−12
×
(
TR
1010 GeV
)[
1 + 0.045 ln
(
TR
1010 GeV
)][
1− 0.028 ln
(
TR
1010 GeV
)]
,
(10)
where Y3/2 =
n3/2
s , n3/2 is the number density, s is the entropy density and TR the reheating temperature. The
quantity Y = ns is the density per omoving volume.
We have to take into aount in our alulation the dierent masses of gravitino modes. We nd as a good
approximation this rule for the abundane of the dierent modes:
Y k3/2 = Y
0
3/2 , for M
k ≤ TR and
Y k3/2 = 0 , for M
k > TR (11)
where k represents the index of the KK mode, Mk is the mass of the kth gravitino mode and Y k3/2 its abundane.
In this model all partiles are onsidered massless ompared to the reheating temperature sale exept the gravitino.
All partiles in the thermal bath are relativisti at TR exept the gravitino modes whih an be non relativisti if
heavy enough.
IV. DECAY OF THE GRAVITINO MODES
In a previous setion we showed that eah gravitino mode had the same interation with matter and gauge elds.
The only dierene arises from the mass of the dierent modes.
4Gravitino interats gravitationally with MSSM partiles: its life time is long ompared to the one of other partiles.
We have alulated the life time for heavy gravitino (masses > 10 TeV) using [19℄:
τk = 1.4 10
7 ×
(
Mk
100GeV
)
−3
Sec (12)
In our model R-parity is onserved and the LSP is the lightest neutralino.
Several deay hannels are possible. Heavy gravitino deays mainly into squark-quark pairs or gluon-gluino pairs
[19℄. We heked that nally one gravitino produes one non-thermal neutralino and not less beause number density
of susy partiles produed by gravitino deay is so weak (Y ≈ 10−12) that they will more likely deay than interat
to produe standard model partiles: in the Boltzmann equation the deay term is proportional to Y and the
annihilation term is proportional to Y 2. We also heked that annihilation of the LSP an be regarded as negligible
beause it will onern only the LSP produed by one gravitino mode when the total of modes is three. Gravitino
does not produe more than one LSP beause even high energy quark or gluon produed by gravitino deay if they
interat between them or with a quark or a gluon of the plasma will almost all time produe quarks or gluons rather
than neutralinos as proesses with strong interations are favored ompared to the ones with weak interations. We
also heked that the deay of gravitino modes does not inrease entropy density beause the energy density of eah
gravitino mode at the time of its deay is never higher than the radiation energy density at the same time: it is
beause all the gravitino modes deay before T = 1 MeV.
V. NEUTRALINOS
In our model the LSP is the lightest neutralino. We hoose to work with a mass of LSP equal to 120 GeV. This
analysis an be easily resaled for another hoie for the mass: we also show results for a mass of the LSP equal to
200 GeV in the appendix. The dark matter density is [20℄ :
0.106 < Ω h2 < 0.123, (13)
with a central value around 0.114
In the graph representing evolution of Ylsp as a funtion of the quantity x =
mlsp
T there are two zones. The rst
zone is the equilibrium zone in whih neutralinos are in thermal equilibrium and in whih Y dereases. The seond
zone is the zone after the freeze-out of neutralinos and in whih Y is onstant. The freeze-out ours at xf . We all
Ωth the thermal density of neutralinos. We nd this approximate relation between Ωth and xf :
Ωth h
2 = 3.61 106
mlsp
1GeV
x2f e
−xf
(14)
To establish this relation we used [21℄. This orresponds to the relations below in whih we have negleted the
double log part.
xf = ln[0.038(n+ 1)
g
g
1/2
⋆
mpl mlsp σ0]− (n+ 1
2
) ln[ln[0.038(n+ 1)
g
g
1/2
⋆
mpl mlsp σ0]] (15)
and
Ωth h
2 = 1.07× 109 (n+ 1)x
n+1
f
(g⋆S/g
1/2
⋆ )mpl σ0
, (16)
with n = 1 (for p− wave annihilation), g⋆ = g⋆S = 90, g = 2
where g⋆ is the number of eetively massless degrees of freedom, mpl is the Plank mass.
We hoose dierent values of Ωth h
2
and omplete with the non thermal prodution oming from the gravitino
deay. We all this non thermal prodution ∆Ω h2.
0.106 ≤ Ωth h2 +∆Ω h2 ≤ 0.123 (17)
As one gravitino produes one neutralino, we an write:
528.5 29 29.5 30 xf
0.05
0.1
0.15
0.2
th h²
dm h²
FIG. 1: Ωth h
2
funtion of xf . Ωdm h
2
is between the two straight lines.
∆Ω h2 =
mlsp s0 h
2
ρc
k=n¯∑
k=0
Y k3/2 (18)
The index n¯ orresponds to the last mode to be taken into aount. It is the mode deaying just when the LSP
deouples from the thermal bath. Only the gravitino modes deaying after the thermal deoupling of the neutralinos
ontribute to inrease the quantity of neutralinos.
VI. MODEL
A. Masses
The thermal density Ωth h
2
and xf are related by the equation (14). Knowing the thermal density we an alulate
the non thermal density to respet the requirement (17).
Knowing xf , we an alulate Tf and then the mass of the last gravitino mode taken into aount.
To do so we need a relation whih allows us to onvert temperature into time. In a radiation dominated Universe
assuming that the entropy per omoving volume is onserved the relation between t and T is:
t =
1
2
√
90 M2
g⋆pi2
T−2 GeV−1 (19)
Where M is the redued Plank mass. This result (19) is obtained by solving the Friedman equation in a radiation
dominated Universe assuming onstant entropy per omoving volume.
We use relation (19) to alulate the mass of the mode n¯ but also to alulate the mass of the 0 mode. For the mode n¯,
g⋆ = 90 and for the 0 mode, g⋆ = 10. We write equality between the life time of the gravitino mode (12) and the age
of the universe[29℄ (19) (after having onverted (19) into seond) and we an alulate the mass of the orresponding
gravitino.
The gravitino whih mainly deays at Tf orresponds to the last mode to take into aount in our Kaluza-Klein tower.
We all it the mode n¯.
The mass of the zero mode is alulated the same way : we just put as a ondition that it mainly deays at T = 1
MeV not to disturb BBN. For a temperature equal to 1 MeV we nd with (19) t = 0.76 s. We then alulateM0 with
(12) by writing: τ0 = 0.76 s. We get M0 = 26.410 TeV.
The mass of the mode n¯ depends on the hoie of xf whih depends on the thermal density Ωth h
2
.
B. Numerial results
We hose three dierent values of the density Ωth h
2
.
6The rst hosen value orresponds to the entral value Ωth h
2 = 0.114. This value is the value orresponding to
our maximal thermal ontribution.
The seond value is alulated by hoosing the maximum value for σ0. This ross setion is generially bounded [22℄
by:
σ0 ≤ α
mlsp2
, (20)
With α ∼ 10−2. By using the maximum value for the annihilation ross setion we nd our minimal thermal
ontribution.
The last value is a medium value: we hose an xf value between our two xf extrema and alulate the thermal
density orresponding to this xf value.
Below is the table of values:
Cases xf Tf (GeV) Ωth h
2 (∆Ωth h
2)min (∆Ωth h
2)max Mn¯(GeV)
Case 1 28.78 4.17 0.114 - 0.009 9.84 × 106
Case 2 29.60 4.05 0.053 0.053 0.070 9.66 × 106
Case 3 30.42 3.94 0.025 0.081 0.098 9.48 × 106
TABLE I: The three numerial ases for mlsp = 120 GeV
1. Equations of onstraints
Using equation (18) and replaing Y k3/2 by its value (11), we obtain the non-thermal prodution of LSPs.
We have to distinguish two ases.
The rst ase is when the mass of the last mode to be taken into aount (so the mode that we have alled n¯ and for
whih we have alulated the mass in the last setion) is less than TR or equal to TR so TR ≥M n¯. In that ase if we
look at the equations (11) we dedue that Y k3/2 = Y
0
3/2 and so we obtain from equation (18):
∆Ω h2 =
mlsp (n¯+ 1)Y
0
3/2 s0 h
2
ρc
(21)
We then should replae n¯ by its value funtion of R−1, M n¯ and M0:
n¯ =
M n¯ −M0
R−1
(22)
Let us keep in mind that n¯ is an integer number whih means that R−1 whih is one of our variable must have a value
whih allows the ratio
M n¯−M0
R−1 to be an integer.
So we will replae n¯ by its value after having isolating it in one side of equation (21). We dene a funtion I whih
ats on real number and extrats the integer part.
We obtain:
R−1 =
(
M n¯ −M0)×(
I
[
∆Ω h2
ρc
mlsp s0 h2
1
1.9× 10−12 × TR1010
[
1 + 0.045 ln
(
TR
1010
)] [
1− 0.028 ln ( TR1010 )]
]
− 1
)
−1
(23)
In the above equation (23) we use Table I to x the limit values on ∆Ω h2.
The above equation is valid for TR ≥ M n¯ and for a number of modes at least equal to 2. This last ondition implies
a limit on TR: above the temperature orresponding to a number of modes equal to 2 there is only one mode whih
produes all the non thermal neutralinos. We alulated those two limits on TR for the three ases. The results are
7ase 1 ase 2 ase 3
1.45 109 GeV 1.09 1010 GeV 1.52 1010 GeV
TABLE II: Maximum reheating temperature
presented with the graphs.
We also alulated the maximum reheating temperature allowed if there is only one mode for the three ases. The
results are shown in Table II and onverge to the limit found in [23℄ in the limit of vanishing thermal reli density.
If TR < M
n¯
, it means that the mass of the last mode that should be taken into aount has an abundane equal
to zero using the rule given in (11). In that ase the last mass that it is eetively taken into aount is equal to TR.
We obtain the result for this ase by just replaing M n¯ by TR in equation (23).
VII. GRAVITONS
As KK gravitinos are produed, there are also KK gravitons. We have to hek that they do not disturb BBN
sine they are heavier than in the ase of large extra dimensions usually onsidered. In our framework the usual
astrophysial and osmologial onstraints disappear like in the ase of [24℄. But there is a new problem oming from
the fat that BBN should not be disturbed. The mass of the KK graviton is given by:
mk =
k
R
(24)
So the mode 1 is the rst massive mode with a mass equal to
1
R . In the following we hek that for R
−1 ≥ 1 TeV,
BBN is not disturbed. For larger R the presene of KK gravitons starts aeting BBN as shown with our approximate
method. A more aurate study is needed to hek what is preisely the maximum size whih an be allowed for the
radius. This alulation is beyond the sope of the present work and will be disussed elsewhere.
The prodution equation of KK gravitons is given by [9℄ and [25℄. We an use the same equation:
s ˙Ym =
11m5T
128pi3M2
K1(m/T ), (25)
Where K1 is the modied Bessel funtion of the rst kind, m is the mass of the graviton, T the temperature and
M the redued Plank mass.
By integrating this equation between the reheating temperature and temperature T below 1 MeV, we nd:
Ym(T ) =
1485
256pi5M g⋆1/2g⋆S
m
∞∫
m/TR
x3K1(x)dx (26)
where g⋆ and g⋆S are taken onstant equal to 10 sine most of the lifetime of the gravitons that we onsider is after
T = 1 MeV.
We alulate the lifetime of KK gravitons with a mass above 1 TeV using the partial deay rates given in [11℄. We
nd :
τ = 3.310× pi M
2
m3
GeV−1 (27)
We then alulate the mass of the graviton whih deays at T = 1 MeV using equation (19) and equation (27).
This graviton is the last one to be taken into aount in our hek. We nd m = 37.4 TeV and we alulate its
lifetime τ = 0.75 s. As the radius is equal to 1 TeV the last mode that we onsider in this study has a mass equal to
38 TeV.
To hek if KK gravitons disturb or not BBN we use the urves given by Jedamzik in [26℄ . Those urves give a limit
on the density of a massive deaying partile (if it did not deay) as a funtion of its lifetime. We have alulated the
8density of gravitons at our epoh if they did not deay. We also have to know the hadroni branhing ratio. We nd
Bh = 0.70 for gravitons with mass above 1 TeV using the partial deay rates given in [11℄.
Those urves are made for one partile deaying and not like in the present ase for a tower of partiles. We an
however roughly divide the study in two zones : one before τ = 100 s and the other after τ = 100 s.
In the rst zone (i.e τ ≥ 100 s) we take as a limit this estimate value: Ω h2 = 5 10−5 and before 100 s we take as a
limit Ω h2 = 10−1.
The mass of the graviton whose lifetime is 100 s is 7.33 TeV. So we sum the density ontribution of the rst seven
modes of the rst zone and we hek that this sum is less than 5 10−5. We also sum the density ontributions of the
31 modes of the seond zone and hek that this sum is less than 10−1.
The density for gravitons is :
Ω h2 =
k=n∑
k=1
mk Yk s0 h
2
ρc
=
s0 h
2
ρc
k=n∑
k=1
m2k
1485
256 pi5Mg⋆1/2g⋆S
∞∫
mk/TR
x3K1(x)dx (28)
Where we have used equation (26) in whih we have replaed m by mk and Ym by Yk sine eah mass is assoiated
to a mode. We know that:
∞∫
mk/TR
x3K1(x)dx ≤ 4.71 (29)
This integral is equal to 4.71 if m = 0 or if m << TR. If m = TR, the integral is equal to 4.47. In the range of
values for m and TR that we have, we an hoose to set the value of the integral to 4.71: for masses below 7 TeV, it
is obvious that m/TR << 1 and for masses above 7 TeV and lose to 38 TeV, the error that we make inreases the
density.
This implies :
Ω h2 ≈ 4.71s0 h
2
ρc
k=n∑
k=1
1485 m2k
256 pi5Mg⋆1/2g⋆S
(30)
We an replae mk by
k
R and after doing the sum over k we nd:
Ω h2 ≈ 5.52 10−14n(1 + n)(1 + 2n)
R2
(31)
Note that n = mnR and therefore Ω h
2
is proportional to R. So the larger is the radius, the larger is Ω h2.
The mass of the last mode of the rst zone is 7 TeV so after having replaed n bymnR we an evaluate the ontribution
of the rst seven modes. We nd:
Ω h2 = 4.64 10−5 < 5 10−5 (32)
The result is below the limit even if it is rather lose to it. But this limit is also not ompletely dened for our
partiular study in whih there is a tower of massive partiles. We onlude as a rst estimate that the density of the
seven rst modes of gravitons does not disturb BBN.
The mass of the last mode of the seond zone is 38 TeV so after having replaed n by mnR we an evaluate the
ontribution of the 31 modes. In our alulation we take into aount the seven rst modes whose ontribution is
negligible. We nd:
Ω h2 = 6.30 10−3 < 10−1 (33)
The result is well below the limit. We onlude as a rst estimate that the density of the 31 modes of gravitons
does not disturb BBN.
We an onlude this setion by saying that the urves drawn from gravitinos onstraints on dark matter density
are valid for R−1 ≥ 1 TeV. This new onstraint omes from KK gravitons. A more preise study has to be done to
hek if R−1 ≥ 1 TeV is a stringent limit or if it is possible to have a larger radius.
9VIII. RESULTS
In this setion we present our results for the three dierent ases. Let us remind that the rst ase orresponds to
the ase in whih Ωth h
2
is our maximum 0.114 and so the non-thermal part has to be less than 0.009. The seond
ase is our intermediate ase in whih Ωth h
2 = 0.053 and so the non-thermal part has to be more than 0.053 and
less than 0.070. The third ase orresponds to the minimum value for Ωth h
2
so 0.025 and the non-thermal part has
to be more than 0.081 and less than 0.098. The range of values that we have hosen for TR is from 10
5
to 1010 GeV.
All these ases are treated with mlsp = 120 GeV. We also treat three ases presented in the appendix for mlsp = 200
GeV.
The rst general omment on the urves is that they are all inreasing. The lower is the reheating temperature
the higher is the number of modes needed (and so the smaller is R−1) beause the gravitino density (and so the
non-thermal part of neutralino density) is nearly proportional to the reheating temperature.
We an hek that the urves of the rst ase are below the urves of the seond ase whih are also below the urves
of the third ase: the more dark matter has to be produed the more modes is needed and the smaller R−1 is. We
an also hek that all urves are onverging to nearly the same R−1: it is atually the maximum mass dierene
between the rst mode whih mainly deays at T = 1 MeV and the last mode whih mainly deays at Tf and we have
seen that our three dierent Mn¯ have lose values (see Table I). We notie in all the ases that a disrete struture is
visible above a dierent temperature for the three ases. Atually the disrete struture is always present if we zoom
enough on the graph. For high sale temperatures, this struture is always visible on our graphs sine the number of
modes is low.
We also trae on the gures the limit R−1 ≥ 1 TeV to avoid perturbation of BBN by KK gravitons.
100000. 200000. 500000. 1.  106 2.  106 5.  106 1.  107
Tr GeV1
10
100
1000
10000
R1GeV
FIG. 2: Case 1. TR less than 9.84 10
6
GeV. The exluded zone is below the diagonal urve and below the straight line R−1 = 1
TeV if the KK gravitons onstraint is taken into aount.
The gure (2) is the ase 1 for reheating temperatures below 9.84 106 GeV. This last temperature orresponds to
the limit ase Mn = TR. The exluded zone is below the urve.
The maximum size for R orresponds to the minimum value for R−1. Without taking into aount KK gravitons
onstraint, the minimum would be R−1 = 3.35 GeV for a reheating temperature equal to 105 GeV. So R should be
equal or smaller than 5.89 10−15 m for TR = 10
5
GeV. Taking into aount the limit R−1 ≥ 1 TeV, R has to be
equal or smaller than 1.97 10−17 m. For a reheating temperature of 9.84 106 GeV, R has to be equal or smaller than
3.46 10−19 m whih orresponds to 5.71 104 GeV for R−1.
At the sale of the graph we annot distinguish the disrete struture of the funtion. The maximum number of
modes allowed should be equal to 21985 for TR = 10
5
GeV without the onstraint oming from KK gravitons and to
172 for TR = 9.84 10
6
GeV.
10
1.  107 1.5  107 2.  107 3.  107
Tr GeV
100000.
150000.
200000.
R1GeV
FIG. 3: Case 1. 9.84 106 GeV ≤ TR ≤ 4 10
7 GeV . The exluded zone is below the urve.
The gure (3) is the ase 1 for reheating temperatures between 9.84 106 GeV and 4 107 GeV. The exluded zone is
below the urve. For a reheating temperature of 4 107 GeV, R has to be equal or smaller than 7.84 10−20 m (whih
orresponds to 2.52 105 GeV for R−1). We distinguish a disrete struture on the graph. The maximum number of
modes allowed for TR = 4 10
7
GeV is 39.
1.  108 1.5  1082.  108 3.  108 5.  108 7.  108
Tr GeV
500000.
1.  106
2.  106
5.  106
1.  107
R1GeV
FIG. 4: Case 1. 4 107 GeV ≤ TR ≤ 7.396 10
8 GeV . The exluded zone is below the urve
The gure (4) is the ase 1 for reheating temperatures between 4 107 GeV and 7.40 108 GeV. The exluded zone
is below the urve. For a reheating temperature between 4.98 108 GeV and 7.40 108 GeV, the maximum number of
modes allowed is 2 and R has to be equal or smaller than 2.01 10−21 m (whih orresponds to 9.817 106 GeV for
R−1). Above the temperature 7.40 108 GeV, only a single mode is allowed and R has to be smaller than 2.01 10−21
m. The maximum allowed reheating temperature is given in Table II: 1.45 109 GeV. Above this temperature the
number of neutralinos is above the observational limit (14).
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100000. 200000. 500000. 1.  106 2.  106 5.  106 1.  107
Tr GeV
1
10
100
1000
10000
R1GeV
FIG. 5: Case 2. TR less than 9.66 10
6
GeV. Only the band between the two diagonal urves is allowed. The zone below the
straight line R−1 = 1 TeV is exluded if KK gravitons onstraint is taken into aount.
The gure (5) is the ase 2 for reheating temperatures below 9.66 106 GeV. Only the band between the two
diagonal urves is allowed. It means that R has to be large enough to provide the neessary amount of dark matter
but not larger than the value orresponding to the maximum amount of dark matter. If KK gravitons onstraint is
taken into aount, the zone below R−1 = 1 TeV is exluded.
Without this onstraint, R−1 should be between 0.43 GeV and 0.57 GeV for TR = 10
5
GeV: it means that R should
be between 3.47 10−14 m and 4.58 10−14 m. For TR = 9.66 10
6
GeV, R−1 has to be between 7.02 103 GeV and
9.28 103 GeV, so R has to be between 2.13 10−18 m and 2.81 10−18 m. For TR = 10
5
GeV, the number of modes
should be between 129427 and 170957. For TR = 9.66 10
6
GeV, the number of modes has to be between 1038 and
1372.
With KK gravitons onstraint, the minimum value for R−1 is 1 TeV so the maximum value for R is 1.97 10−17 m.
It implies that there is a minimum value for TR orresponding to this value: the minimum value for TR is 3.26 10
6
GeV. Lower temperatures are exluded.
The gure (6) is the ase 2 for reheating temperatures between 9.66 106 GeV and 108 GeV. Only the band between
the two urves is allowed. For TR = 10
8
GeV, R−1 has to be between 8.03 104 GeV and 1.06 105 GeV so R has to be
between 1.86 10−19 m and 2.46 10−19 m and the number of modes between 91 and 120 modes.
The gure (7) is the ase 2 for reheating temperatures between 108 GeV and 4.19 109 GeV. Only the band between
the two urves is allowed. For a reheating temperature between 3.70 109 GeV and 4.19 109 GeV, the number of
modes has to be equal to 2 and R has to be equal to 2.05 10−21 m (whih orresponds to 9.634 106 GeV for R−1).
Above the temperature 4.19 109 GeV , only a single mode is allowed and R has to be smaller than 2.05 10−21 m.
The maximal allowed reheating temperature is given in Table II: 1.09 1010 GeV. Above this temperature the density
of neutralinos is above the observational limit given in (14).
The gure (8) is the ase 3 for reheating temperatures below 9.48 106 GeV. Only the band between the two
diagonal urves is allowed as in ase 2. If KK gravitons onstraint is taken into aount, the zone below R−1 = 1 TeV
is exluded. Without this onstraint, R−1 should be between 0.31 GeV and 0.37 GeV for TR = 10
5
GeV: it means
that R should be between 5.33 10−14 m and 6.44 10−14 m. For TR = 9.48 10
6
GeV, R−1 has to be between 4.81 103
GeV and 5.82 103 GeV, so R has to be between 3.39 10−18 and 4.10 10−18 m. For TR = 10
5
GeV, the number of
modes should be between 198804 and 240333. For TR = 4.47 10
6
GeV, the number of modes has to be between 3568
and 4314.
With KK gravitons onstraint, the minimum value for R−1 is 1 TeV so the maximum value for R is 1.97 10−17 m.
It implies that there is a minimum value for TR orresponding to this value: the minimum value for TR is 4.02 10
6
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1.  107 1.5  1072.  107 3.  107 5.  107 7.  107 1.  108
Tr GeV
10000
15000
20000
30000
50000
70000
100000.
R1GeV
FIG. 6: Case 2. 9.66 106 GeV ≤ TR ≤ 10
8 GeV . Only the band between the two urves is allowed.
1.  108 2.  108 5.  108 1.  109 2.  109
Tr GeV
100000.
200000.
500000.
1.  106
2.  106
5.  106
1.  107
R1GeV
FIG. 7: Case 2. 108 GeV ≤ TR ≤ 4.190 10
9 GeV . Only the band between the two urves is allowed.
GeV. Lower temperatures are exluded.
The gures (9) and (10) are the ase 3 for reheating temperatures between 4.47 106 GeV and 108 GeV for the
gure (9) and between 108 GeV and 2 108 GeV for the gure (10). Only the band between the urves is allowed. For
TR = 2 10
8
GeV, R−1 has to be between 1.15 105 GeV and 1.39 1015 GeV so R has to be between 1.42 10−19 m and
1.71 10−19 m and the number of modes between 68 and 82 modes.
The gure (11) is the ase 3 for reheating temperatures between 2 108 GeV and 6.38 109 GeV. Only the band
between the two urves is allowed. For a reheating temperature between 5.17 109 GeV and 6.38 109 GeV, the number
of modes has to be equal to 2 and R has to be equal to 2.09 10−21 m (whih orresponds to 9.46 106 GeV for R−1).
Above the temperature 6.38 109 GeV, only a single mode is allowed and R has to be smaller than 2.09 10−21 m. The
13
100000. 200000. 500000. 1.  106 2.  106 5.  106 1.  107
Tr GeV
1
10
100
1000
R1GeV
FIG. 8: Case 3. TR less than 9.48 10
6
GeV. Only the band between the two diagonal urves is allowed. The zone below the
straight line R−1 = 1 TeV is exluded if KK gravitons onstraint is taken into aount.
1.  107 1.5  1072.  107 3.  107 5.  107 7.  107 1.  108
Tr GeV
10000
15000
20000
30000
50000
70000
R1GeV
FIG. 9: Case 3. 9.48 106 GeV ≤ TR ≤ 10
8 GeV . Only the band between the two urves is allowed.
maximum allowed reheating temperature is given in Table II: 1.52 1010 GeV. Above this temperature the density of
neutralinos is above the observational limit given in (14).
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1.  108 1.5  108 2.  108
TrGeV
100000.
R1GeV
FIG. 10: Case 3. 108 GeV ≤ TR ≤ 2 10
8 GeV . Only the band between the two urves is allowed.
2.  108 5.  108 1.  109 2.  109 5.  109
Tr GeV
200000.
500000.
1.  106
2.  106
5.  106
1.  107
R1GeV
FIG. 11: Case 3. 2 108 GeV ≤ TR ≤ 6.385 10
9 GeV . Only the band between the two urves is allowed.
IX. CONCLUSION
We have shown in this paper that for osmologial models with high reheating temperature i.e. 105 GeV to 1010
GeV - in the framework of a 5D supergravity ompatied on S1/Z2 where matter and gauge elds live on tensionless
branes at the orbifold xed points - there are urves of onstraints between the size R of the extra-dimension and
the reheating temperature. It omes from the assumption that dark matter is made by the lightest supersymmetri
partile whih is supposed to be the lightest neutralino and that neutralinos density is a sum of a thermal prodution
and a non thermal prodution from gravitinos deay. Gravitinos in the model do not disturb BBN beause they are
heavy enough to deay before BBN starts. Heavy gravitinos are natural in a ertain lass of Susy breaking models.
For instane models whih avoid problems from pure anomaly mediation and pure gravity mediation. The framework
of the model desribed in this paper an be linked to Horava-Witten M-theory where a 5 dimensional stage of the
15
universe appears in whih bulk elds are gravitational and where supersymmetry is natural but also to theories of
baryogenesis through leptogenesis whih imply large reheating temperature.
The results that we obtain are independent from the susy mass spetrum sine the gravitino is heavy enough to make
negligible the inuene of other susy partiles.
The results show that the size of the radius R is not only bounded by a maximum value but also by a minimum
value in a wide range of possible values for the thermal prodution of neutralinos and in a wide range of values for
the reheating temperature. To obtain a minimum size for the radius is a new result.
Kaluza-Klein modes of graviton are also present and may disturb BBN. We heked with an approximate method
that for R−1 above 1 TeV it is not the ase. This already implies a bound on the reheating temperature whih an
not be lower than a minimum value in the ases where the radius R is bounded by a minimum value.
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APPENDIX: NUMERICAL RESULTS AND CURVES FOR mlsp = 200 GEV
Cases xf Tf (GeV) Ωth h
2 (∆Ωth h
2)min (∆Ωth h
2)max Mn(GeV) Max.Reheat.Temp(GeV)
Case 1 29.32 6.82 0.114 - 0.009 1.37 × 107 8.84 × 108
Case 2 29.6194 6.7523 0.087 0.019 0.036 1.36 × 107 3.45 × 109
Case 3 29.91 6.69 0.066 0.040 0.057 1.35 × 106 5.37 × 109
TABLE III: The three numerial ases for mlsp = 200 GeV
100000. 200000. 500000. 1.  106 2.  106 5.  106 1.  107
Tr GeV1
10
100
1000
10000
100000.
R1GeV
FIG. 12: Case 1 for mlsp = 200 GeV. TR less than 1.37 10
7 GeV . The exluded zone is below the urve.
The gures (12), (13) and (14) represent the ase 1 but for mlsp = 200 GeV instead of 120 GeV. We notie that
the urves of that ase are above the urves for the ase 1 with mlsp = 120 GeV. We an explain this by looking at
equation (23): we notie that R−1 is nearly proportional to mlsp. Physially it means that if the elementary energy
of one LSP inreases, less number density of LSPs is required and so R−1 an be bigger. Mn¯, Tf and the maximum
reheating temperature are slightly dierent from the ase with mlsp = 120 GeV (see Table III).
The gures of ase 2 (g.15 to g.18) and ase 3 (g.19 to g.21) for mlsp = 200 GeV have the same general behavior
as ases 2 and 3 for mlsp = 120 GeV: the urves are just above the ones for mlsp = 120 GeV.
For the ase 2 the minimum reheating temperature is 1.55 106 GeV if the onstraint on KK gravitons is taken into
aount (see g.15). For the ase 3 the minimum reheating temperature is 2.216 106 GeV if the onstraint on KK
gravitons is taken into aount (see g.19).
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1.5  107 2.  107 3.  107
TrGeV
200000.
300000.
500000.
R1GeV
FIG. 13: Case 1 for mlsp = 200 GeV. 1.37 10
7 GeV ≤ TR ≤ 4 10
7 GeV . The exluded zone is below the urve.
1.  108 1.5  108 2.  108 3.  108
TrGeV
1.  106
1.5  106
2.  106
3.  106
5.  106
7.  106
1.  107
R1GeV
FIG. 14: Case 1 for mlsp = 200 GeV. 4 10
7 GeV ≤ TR ≤ 4.49 10
8 GeV . The exluded zone is below the urve.
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100000. 200000. 500000. 1.  106 2.  106 5.  106 1.  107
Tr GeV1
10
100
1000
10000
100000.
R1GeV
FIG. 15: Case 2 for mlsp = 200 GeV. TR less than 1.36 10
7
GeV. Only the band between the two diagonal urves is allowed.
The zone below the straight line R−1 = 1 TeV is exluded if KK gravitons onstraint is taken into aount.
1.5  107 2.  107
Tr GeV
100000.
150000.
R1GeV
FIG. 16: Case 2 for mlsp = 200 GeV. 1.36 10
7 GeV ≤ TR ≤ 2.5 10
7 GeV Only the band between the two urves is allowed.
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5.  107 1.  108 2.  108 5.  108 1.  109
Tr GeV
100000.
200000.
500000.
1.  106
2.  106
5.  106
1.  107
R1GeV
FIG. 17: Case 2 for mlsp = 200 GeV. 2.5 10
7 GeV ≤ TR ≤ 9.40 10
8 GeV Only the band between the two urves is allowed.
1.  109 1.5  109
Tr GeV
1.  107
R1GeV
FIG. 18: Case 2 for mlsp = 200 GeV. 9.40 10
8 GeV ≤ TR ≤ 1.75 10
9 GeV The zone below the urve is exluded.
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100000. 200000. 500000. 1.  106 2.  106 5.  106 1.  107
TrGeV
1
10
100
1000
10000
R1GeV
FIG. 19: Case 3 for mlsp = 200 GeV. TR less than 1.35 10
7
GeV. Only the band between the two diagonal urves is allowed.
The zone below the straight line R−1 = 1 TeV is exluded if KK gravitons onstraint is taken into aount.
1.5  107 2.  107 3.  107 5.  107
Tr GeV
30000
50000
70000
100000.
150000.
R1GeV
FIG. 20: Case 3 for mlsp = 200 GeV. 1.35 10
7 GeV ≤ TR ≤ 5 10
7 GeV Only the band between the two urves is allowed.
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1.  108 1.5  1082.  108 3.  108 5.  108 7.  108 1.  109 1.5  1092.  109
Tr GeV100000.
200000.
500000.
1.  106
2.  106
5.  106
1.  107
R1GeV
FIG. 21: Case 3 for mlsp = 200 GeV. 5 10
7 GeV ≤ TR ≤ 1.92 10
9 GeV Only the band between the two urves is allowed.
